a Birnessite (layer-type Mn oxide) is a key reactive phase in soils and sediments and its sorption and oxidative properties render it attractive for use in technical applications. The most widely used synthetic analog of natural and biogenic birnessite in laboratory studies is nanocrystalline δ-MnO 2 . However, a wide range of physicochemical properties have been reported in the literature for δ-MnO 2 . In this study, we produced several batches of δ-MnO 2 and identified the mechanisms leading to significant variations in particle size, as probed by X-ray diffraction (3 to 7 nm), dynamic light scattering (85 to 501 nm) and N 2 Ĳg) BET specific surface area (SSA: 119 to 259 m 2 g −1
Introduction
Birnessite-type minerals (layer-type Mn oxides) are among the most common Mn oxides in the environment. 1 They occur often in association with other mineral phases (e.g. Fe oxides) in desert varnishes, sediments, soil and ocean nodules, as mineral/rock coatings or in association with microorganisms. [1] [2] [3] [4] Birnessite found in soils and sediments is composed of randomly stacked sheets of edge-sharing MnO 6 octahedra held together by interlayer cations and water, which compensate for the structural charge arising primarily from the presence of layer MnĲIV) vacancies and layer MnĲIII) that can occupy MnĲIV) sites. 1 Such a birnessite tends to be nanocrystalline and have hexagonal layer symmetry, 4 although orthogonal symmetry can be attained depending on the content and distribution of layer MnĲIII) octahedra. 5, 6 Due to its nanoscale dimensions and the presence of reactive surface sites at the particle edges and basal surface, birnessite participates in numerous environmental reactions with organic and inorganic compounds. 4, 7, 8 Consequently, determining the mechanisms through which birnessite adsorbs toxicant metals such as Pb, Zn, Cd, and Ni (ref. [9] [10] [11] [12] [13] [14] [15] [16] as well as adsorbs and oxidizes elements such AsĲIII), CoĲII), and CrĲIII). [17] [18] [19] [20] [21] [22] Manganese oxides are also considered as promising oxidants for a broad range of organic compounds including antibacterial agents, endocrine disruptors, and other pharmaceuticals. 8 In addition, the sorption and redox properties of birnessite have been investigated in technical systems for their potential use in remediation strategies 7, 23, 24 or as water oxidation catalysts. 25, 26 The majority of these studies have employed δ-MnO 2 as an analog for natural birnessite with hexagonal sheet symmetry and nanoscale dimensions. 1, 9, 14, 27 The most common pathway for δ-MnO 2 synthesis is the "redox" method, which involves the oxidation of MnĲII) by MnĲVII) in an alkaline medium. 28 The nanoparticles obtained from the "redox" method are typically less than 10 nm across the ab plane and consist of 2 to 3 turbostratically stacked layers. 28, 29 However, this preparation can lead to samples
with SSA values that range from 120 to 315 m 2 g −1 , 2, 17, 28, [30] [31] [32] and MnĲIII) content varying between 0 and 31%. 2, 33 While the MnĲIII) content of the products stems from the MnĲVII) : MnĲII) ratio employed in the synthesis, 2 the underlying cause for the large variations observed in SSA values is not known. Furthermore, mineral surface reactivity has been correlated to SSA values, often measured with BET theory N 2 Ĳg) adsorption. 2, 8, 14 Although mineral surface reactivity has been correlated to SSA values, 2, 8, 14 the relationship among SSA, particle size in aqueous suspension, and crystallite size has not been investigated to date despite its influence on the kinetics, mechanisms, and retention of trace elements on Mn oxides in natural and engineered settings. 34 The objective of the present study is to investigate how the physicochemical properties of δ-MnO 2 vary as a function of the reagent addition rate and base concentration used in its synthesis. Both variables can influence the kinetics of nucleation 35 and hence impact the crystallite size. Six batches of δ-MnO 2 were thus synthesized by varying the speed of MnCl 2 addition and the amount of NaOH used to control synthesis pH. The synthesis products were characterized according to chemical composition (alkali-to-Mn ratio, MnĲIII) content, and average Mn oxidation number -AMON), water content, and crystal structure. In addition, the crystallite and particle size estimates were obtained from X-ray diffraction (XRD), dynamic light scattering (DLS), and specific surface area (SSA) measurements. Finally, the reversibility of the physicochemical properties of the as-synthesized products was assessed by equilibrating two suspensions to several pH units above or below the synthesis pH value, respectively.
Materials and methods

Synthesis protocol
All solutions, unless specified otherwise, were prepared using ACS-grade reagents and fresh MQ water ( and NaOH mixture was varied between 18 mL min −1 and 72 mL min −1 . The δ-MnO 2 batches are identified by a letter-number scheme where the letter indicates the molar concentration of the NaOH solution used (A = 0.4 M, B = 0.5 M, and C = 0.6 M) and the number indicates the MnCl 2 addition speed (1 = 18 mL min −1 , 2 = 36 mL min −1 , and 3 = 72 mL min −1 ). The A3 synthesis was repeated to ensure the reproducibility of the protocol; this sample is referred to as A3_b. All syntheses were carried out in wide neck 1 L Erlenmeyer flasks. Reagents were added using a Cole-Parmer Masterflex peristaltic pump and Tygon© tubing (Fig. S1 †) . The flask contents were mixed vigorously using an overhead paddle. Once the addition of reagents was completed, the suspension was left to settle for 30 min and 100-200 mL of clear supernatant were siphoned. The remaining suspension (800-900 mL) was transferred to 250 mL centrifuge bottles for washing (27 500 RCF, 20 min, 25°C). Five washing cycles using 1 M NaCl to exchange Na + for K + were followed by up to 10 washing cycles using MQ water to remove excess Na + from the solution. After each washing cycle, the pH of the supernatant was measured with Merck Millipore pH paper. The electrical conductivity of the supernatant was also measured (Mettler EL30 conductivity meter) after each MQ washing cycle. To avoid losing significant amounts of the product, no further washing steps were conducted once the conductivity of the supernatant fell below 30 μS cm −1 . Typically, five washing cycles were sufficient to meet this criterion. After synthesis, half of the suspension was freeze dried and stored at −20°C, whereas the remaining half was stored in suspension at room temperature and in the dark without further pH equilibration. In a separate set of experiments, an aliquot of sample C2 (0.6 M NaOH) was equilibrated to pH 4 and an aliquot of sample A2 (0.4 M NaOH) was equilibrated to pH 11 for 7 days to test the stability of the physicochemical properties measured for the "as-synthesized" products. The suspension pH was kept constant using a Metrohm 718 STAT Titrino with either 50 mM NaOH or 50 mM HCl. The C2 and A2 samples equilibrated at pH 4 and pH 11 are denoted as C2_H and A2_OH, respectively. 
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Chemical analyses
The chemical composition of δ-MnO 2 was characterized with respect to the alkali metal content, MnĲIII) content, AMON and water content. The Na,K : Mn ratio was measured by inductively coupled plasma optical emission spectrometry (ICP-OES, Perkin Elmer Optima 8300) from the aliquots digested in a 3% HNO 3 and 0.05 M H 2 C 2 O 4 solution. The AMON was determined using a three-step potentiometric titration that yields a concentration-independent measure of AMON 36, 37 with a Metrohm 888 Titrando automatic titrator equipped with a Pt potentiometric electrode as described previously. 13 at a rate of 10°C min −1 . The water content was determined by subtracting the TGA curve of an empty crucible from the TGA curve of the sample and normalizing this mass loss value to the initial sample mass. The structural water content was obtained by measuring the weight loss percentage between 80°C and 250°C. 29 
Structural characterization
Freeze-dried δ-MnO 2 samples were used to characterize their crystal structure, intermediate-range structure (<2 nm), and specific surface area. The local bonding environment of Mn (<6 Å) was characterized using wet pastes obtained from initial suspensions filtered onto 0.45 μm nitrocellulose membranes, whereas the hydrodynamic size range was measured from diluted suspensions. Synchrotron-XRD (SR-XRD) patterns for all the samples were acquired at the Swiss-Norwegian beamline of the European Synchrotron Radiation Facility (BM01B -ESRF) from powders packed into Kapton® polyimide capillaries mounted on a goniometric stage, which was spun at 50-100 rpm during data acquisition. Diffraction patterns were acquired with the SPEC software (Certified Scientific Software ©) on a 2D CCD plate using a 0.54 Å wavelength. Data reduction was carried out with FIT-2D 42 using a LaB 6 standard for calibration.
The XRD patterns were extracted from the backgroundsubtracted azimuthal images using the custom routines in PyFAI. 43 Additional XRD patterns were collected over the 5-80°2θ angular range using a Bruker D8 diffractometer, which was equipped with a SolXE solid-state detector from Baltic Scientific Instruments and Cu Kα radiation (λ = 1.5418 Å). The counting time was 80 s per 0.04°2θ angular step. These data were modeled to determine the crystallite size and crystallographic parameters including the vacancy content. A specific trial-and-error method [44] [45] [46] was used because the XRD patterns of the turbostratic structures such as δ-MnO 2 exhibit only unresolved hk diffraction bands and 00l Bragg peaks. [46] [47] [48] Over the past two decades, this approach has been applied extensively to determine the structure of defective and turbostratic phyllomanganates. 29, [49] [50] [51] This method precludes the calculation of a covariance matrix and thus the estimation of uncertainties. To overcome this limitation, several authors have assessed the sensitivity of diffracted intensity to layer symmetry, coherent scattering domain (CSD) size (i.e. crystallite size) both in the ab plane and along the c* axis (i.e. the number of layers stacked parallel to each other), lattice parameters or atomic position and site occupancy. 20, 29, 33, 51 The sensitivity to the composition of the interlayer space and to lattice parameters has also been reported.
17,52-54 
FWHM of 02,31 band
16. a The electrical conductivity (EC) and pH were measured in the supernatant at the end of the synthesis. The precision of the pH measurement was ±1. b Standard deviations (SDs) were calculated from triplicate measurements; σ indicates instrument error. c CSD sizes determined from the modeling of the 20,11 band as the radius of disks within the ab plane.
d Polydispersity is defined as (width/mean) 2 of the particle size distribution obtained from the replicate measurements. In the current study, all atomic positions within the unit cell were taken from previous studies 13, 33 to reduce the number of adjusted parameters. The abundance of interlayer sodium was constrained from chemical analyses, whereas the number of interlayer H 2 O molecules was refined within the limits of thermogravimetric analyses. A limited number of interlayer MnĲIII) cations were allowed to account for the uncertainty in potentiometric titrations. The refined parameters were thus limited to the position of the interlayer Na + /H 2 O molecules in the ab plane, the b unit-cell parameter , the CSD sizes in the ab plane and the site occupancies (except for layer oxygen, whose occupancy was constrained to 1). The fit quality was evaluated with the usual R wp factor. 55 X-ray absorption spectra were collected at the Swiss Light Source (SLS) in Villigen, Switzerland, at beamline X10DA (SuperXAS), with a beam current of 400 mA. Manganese K-edge spectra were acquired at room temperature in transmission mode using a quick-scanning Si(111) double crystal monochromator oscillating about the Mn K-edge (6.4-6.9 keV) at a frequency of 1 Hz. X-ray energy was calibrated with a Mn metal foil by setting the first inflection point in the first derivative of the X-ray absorption spectrum to 6539 eV. The wet-paste samples were mounted on acrylic sample holders sealed with polyimide tape. The spectra were inspected to verify that no beam-induced damage occurred and then averaged using the JAQ software. 56 All data reduction was performed in ATHENA, 57 a GUI built on the IFEFFIT engine, 58 to obtain the X-ray absorption near edge structure (XANES) and extended X-ray absorption fine structure (EXAFS) spectra. The averaged spectra were background subtracted and normalized by fitting the pre-edge region with a linear function and the post-edge region with a quadratic function, and setting E 0 = 6554 eV, Rbkg = 1.0 Å, no clamps, k-weight = 3, normalization order 3. The EXAFS spectra were deglitched by removing one point in χ(k) around 7.6 Å −1 .
The specific surface area for all samples was determined by a standard 5-point BET theory N 2 adsorption isotherm at 77 K (Micromeritics Gemini 2375). Measurement uncertainty was taken as the instrument error (5%). Finally, the hydrodynamic range (Z-average particle size and polydispersity) of the as-synthesized suspensions was measured by DLS on a Zetasizer (Malvern Instruments, Nano ZS) run in backscattering mode (173°) at 25°C after instrument calibration with 300 nm microbeads. 59 Initial suspensions were diluted with MQ water to obtain an optical density of approximately 0.3 absorption units at a wavelength of 633 nm and measured immediately after dilution. Generally, each measurement lasted 2 to 5 minutes and included 10 to 30 replicates.
Results
Chemical composition Table 1 summarizes the physicochemical characteristics of the different δ-MnO 2 samples. At the end of reagent addition but before washing, the supernatant pH was close to 4, 8 and 12 for the A-C sample series, respectively. At the end of the MQ washing steps, the supernatant pH increased to a value of 6 for the A samples, whereas the supernatant pH decreased to 11 for the C samples. The electrical conductivity decreased from ∼10 mS cm −1 to <10 μS cm −1 after 5 washing steps, except in the high pH synthesis (C2). For this sample, the supernatant contained colloidally stable particles after the third washing step, with a conductivity of 433 μS cm −1 .
After freeze-drying and gentle grinding in an agate mortar, all samples were of comparable color, between dark brown and black. Chemical analysis showed that the Na : Mn molar ratio increased from 16% to 35% as the synthesis pH increased from 4 to 12, whereas the K : Mn molar ratio was less than 0.1% in all samples after Na-for-K exchange. The AMON measurements gave values between 4.00 ± 0.02 at high pH and 4.06 ± 0.04 at low pH. These AMON values, which are accurate within 0.05 AMON units, are consistent with the low amount of MnĲIII) determined from PP extractions. About 2% PP-extractable MnĲIII) was measured in all samples, except for batch C2, which showed 4.05% ± 0.26% MnĲIII) ( Table 1) . Because PP is a non-redox active chelating agent, 39 any aqueous MnĲIII) must derive from the mineral as MnĲIII). However, the production of additional MnĲIII) cannot be excluded for sample C2 when the pH was lowered from the initial value of 11 to 6.5 during the PP extraction. Finally, the structural water content as determined from the TGA curves (Fig. S2 †) was comparable between the samples: decreasing from 17% (sample A3) to 12% (sample C2) on a mass basis as the synthesis pH increased from 4 to 12. Based on these measurements, a chemical formula of the form Na x Mn 3+,4+ O 2 ·yH 2 O was calculated for each sample without making any assumptions about the distribution of Na between interlayer or edge sites, the distribution of MnĲIII) between layer or interlayer positions or the vacancy content. The absence of structural constraints, however, produces a charge-imbalanced chemical formula. The Na content was determined directly from the ICP-OES measurements, whereas the molar water content was obtained by scaling the TGA water content using the formula weight for the solid, and MnĲIII) was determined from PP extractions: 
where the vacancy site content was determined by simulation of XRD patterns. 
Structural characterization
In Fig. 1 The ratio between the positions of these two bands is close to , which indicates a hexagonal layer symmetry, consistent with the 02,31 band profile. The high-angle profile of the 20,11 band is sensitive to the layer structure and, more specifically, to the content and atomic coordinates of the interlayer species. These structural parameters were thus derived from the modeling of the XRD data ( Fig. 2 The manganese K-edge XANES and EXAFS spectra collected from all samples are shown in Fig. 3A and C, respectively. Consistent with wet chemical data, the XANES spectra and their first derivative (Fig. 3B) show that MnĲIV) is the dominant oxidation state in all samples. The white line position at 0.5 absorption units is 6551.9 eV, which is consistent with the value reported previously for δ-MnO 2 . 61 The EXAFS spectra and Fourier transforms of the EXAFS spectra from the different samples ( Fig. 3C and D) are also in good agreement with the published EXAFS spectrum of δ-MnO 2 . 11 In particular, the "staircase" feature between 4 and 6 Å −1 indicates a mineral from the phyllomanganate family. The presence of a single peak at ∼8 Å −1 instead of two symmetric oscillations around 7.8 and 8.1 Å −1 in the "indicator" region between 7.8 and 9.6 Å −1 indicates the absence of MnĲIII) rows in the octahedral layer, 62 whereas the position of the oscillation in this range (8.07 Å −1 ) indicates a low overall proportion of MnĲIII). Finally, the EXAFS spectra are consistent with the XANES spectra, AMON titrations and PP extraction results, which show MnĲIII) amounts below the 5-10% detection limit of XAS. 63 
Physical characterization
The estimates of the crystallite size, wet-particle, and freezedried particle size were obtained from XRD, DLS, and SSA measurements, respectively. The XRD patterns of the synthesis products indicate contrasting CSD sizes. The broadening of the 02,31 band, which is insensitive to the structural parameters, is mainly related to the CSD size. 49 The decrease in the CSD size in the ab plane with higher synthesis pH is shown in Fig. 4A , where a subset of the diffraction patterns are compared, and in Fig. 5 , where the FWHM of the 02,31 band is plotted against the Na content (which is also proportional to synthesis pH). This trend is confirmed by the modeling of XRD patterns that show the CSD sizes in the ab plane decrease from 7.2 ± 0.5 nm to 2.8 ± 0.5 nm when the pH increases from 6 to 11 (Table 1) . The hydrodynamic particle size ranged from 86 to 538 nm as the suspension pH values varied from 11 to 6. These values followed the same trend as the XRD-derived crystallite size, with decreasing suspension pH leading to larger hydrodynamic radii (Table 1 ). All mineral suspensions were characterized by a moderate to high polydispersity, with a polydispersity index ranging from 0.235 and 0.735. 64 This value suggests that all suspensions had a relatively broad distribution of particle sizes, this breadth increasing with decreasing suspension pH and decreasing Na content (Table 1) . However, the layer-type structure of δ-MnO 2 and the factor of 2-3 increase in the aspect ratio of the crystallites in the A samples relative to the C samples may confound further interpretation of the polydispersity index. In contrast to the CSD and hydrodynamic sizes, the SSA of the freeze-dried synthesis products increased as the amount of NaOH employed in the synthesis decreased (Fig. 5) . In other words, the largest particle size, as approximated by the SSA measurements, was obtained for the synthesis product with the smallest CSD size within the ab plane, which corresponds to the sample with the highest suspension pH and Na : Mn ratio. This inverse trend between the SSA and the CSD size, as indicated by the FWHM of the 02,31 band, is also shown in Fig. 5A . The measurements of SSA also increased with the MnCl 2 addition rate for the A samples (Fig. 5B ), although to a lesser extent than the increase caused by the NaOH concentration used in the synthesis.
Discussion
Manganese valence and range of sodium content displayed by δ-MnO 2
The systematic prevalence of MnĲIV) in all samples (% MnĲIII)-PP ≈ 2 averaged across all samples; (Fig. S3 †) , where the stability range of MnO 2 straddles the water stability line across a large part of the pH range, and the decrease of AMON values with decreasing pH reported for a set of δ-MnO 2 suspensions equilibrated at different pH values. 60 In contrast to the similarity observed for AMON values, δ-MnO 2 spanned a broad range of Na : Mn ratios (0.16-0.35), such that Na : Mn increased with increasing suspension pH. This result is consistent with the literature 2 and can be rationalized chemically and geometrically. With a point of zero charge (PZC) value of ∼2-3, 28 δ-MnO 2 has a negative surface charge over the entire pH range investigated and any charge deficit must be balanced by Na + cations. Protons have been proposed to adsorb at vacancy sites, but only when the amount of Na + or MnĲIII) present was insufficient to balance the negative charge of the vacancies. 67 As the solution pH increases, the proton activity decreases and Na + can compete more effectively for negatively charged surface sites. This effect should be especially pronounced at the edge sites, for which the PZC value has been proposed to lie between pH 6 and 7. 12, 68, 69 The similar Na : Mn ratios across the B (pH 8) and C (pH 11) samples are consistent with the deprotonation of edge sites in these samples. Thus, the data suggest that the negative charge at the edge sites of δ-MnO 2 is mainly balanced by Na + under alkaline conditions. The measured Na : Mn ratios were also consistent with the crystallite size. Based on geometric constraints, the proportion of surface sites at the particle edges increases as the particle size decreases. Consequently, the magnitude of the surface charge arising from the edge sites also increases with decreasing particle size. To show the relationship between the surface charge and the particle size, single-layer MnO 2 nanodisks were generated in Crystalmaker® 70 using the XRD-derived estimates of the CSD size in the ab plane and the layer site occupancy (Tables 1 and S2 †) and excluding proton adsorption. For each particle, the amount of Na + needed to balance the negative charge arising from all undersaturated oxygen atoms was calculated assuming 4 Na + cations per vacant layer site (+4 charge deficit) and 1 or 2 Na + cations per edge site depending on whether the oxygen atom was doubly or singly coordinated to Mn, respectively. As the crystallite size decreased from 4 nm to 3 nm, the calculated Na : Mn ratio increased by 22%. This value is in close agreement with the 20% increase measured in the C sample (2.8 nm) relative to the B sample (3.8 nm). Both samples originated from the suspensions where pH > PZC of the edge sites and showed no significant structural evolution from the analysis of X-ray absorption spectra and X-ray diffraction patterns. Thus, the increase in Na in sample C relative to sample B should derive from the decrease in the crystallite size. Although XRD modeling assigned all Na + cations to interlayer positions, the amount of interlayer Na could be overestimated in the structural model because the similar scattering factors of Na + and H 2 O prevent their unambiguous distinction.
Crystallite size and crystal growth
The CSD sizes within the ab plane estimated through modeling of the XRD patterns decreased significantly from 7.2 to 2.8 nm as the synthesis pH was increased from 4 to 12. On the other hand, all samples exhibited weak to absent 00l reflections, indicative of a limited extension of CSDs along the c* axis (2-3 layers), consistent with previous reports. 2, 29 The smaller CSD size obtained in the high-pH synthesis is consistent with base-catalyzed oxidation of Mn, which favors the nucleation of δ-MnO 2 and limits crystal growth. 28, 71 At lower pH values, however, rapid nucleation is less favoured. Moreover, the protonation of edge surface sites at low pH can promote H-bonding between crystals and favor oriented attachment (OA) within the ab plane. 72, 73 However, the greater crystallite size of the δ-MnO 2 samples washed and equilibrated at pH values different from the synthesis pH further supports our conclusion that OA may be a likely crystal growth mechanism at low pH conditions. Specifically, the reduced broadening of the SR-XRD pattern obtained for the acidified C2 sample (C2_H, pH 4) compared to sample C2 (pH 11) indicates larger CSD sizes within the ab plane (Fig. 4C) . Thus, the protonation of δ-MnO 2 edge sites upon sample acidification and subsequent OA may account for the observed increased crystal size. 73 The basified sample (A2_OH, pH 11), on the other hand, showed no change in the CSD size with respect to the parent mineral (Fig. 4B) , suggesting that crystal growth through OA is irreversible. By analogy, greater amounts of Na + at the particle edges limit This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.
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OA and inhibit the growth of the crystals formed at high pH values.
Aggregation of δ-MnO 2 nanoparticles
The 30-60 fold increase in the hydrodynamic radius relative to the CSD size in the ab plane indicates that crystallites undergo moderate aggregation in suspension (Table 1) . For instance, suspensions composed of vanishingly small crystallites (2.8 ± 0.5 nm) formed particles in suspension characterized by a 90 nm hydrodynamic radius, whereas the larger crystallites (7.2 ± 0.5 nm) formed particles with a hydrodynamic radius of about 400 nm. This non-linear scaling between the hydrodynamic radius (R H ) and the CSD size or FWHM of the 02,31 band in the XRD patterns could be approximated by a power law .
These relationships also describe the dependence of the hydrodynamic radius on the aspect ratio because all samples had about the same thickness in the c* direction. Finally, consistent with the inverse relationship between the crystallite size and the Na : Mn ratio (Fig. 5A ), the samples with the highest Na : Mn ratios formed the aggregates with the smallest hydrodynamic radii and vice versa (R H ∝ Na
, R 2 = 0.98 and n = 6), indicating that the efficiency of aggregation was proportional to the counter-cation (Na + ) content. The non-linear scaling between the hydrodynamic radius and the aspect ratio may arise from the mode(s) of particle-particle associations in suspension, which can vary with particle shape and surface charge. 74 In montmorillonite suspensions, random edge-to-face interactions are favored when opposite surface charges develop on the basal and edge surfaces and when the electrical double layer thickness is small relative to the particle thickness. 74, 75 In addition, the formation of ordered packets of montmorillonite lamellae (face-to-face interactions) is limited by decreasing suspension pH. 74 For δ-MnO 2 , opposite charge between the basal and edge surfaces may develop under acidic conditions when pH < pH pzc,edge because the structural charge (σ o ), which is always negative due to the presence of vacancy sites, causes the basal surface to be negatively charged and the proton charge (σ H ), which varies with pH, causes the edges to bear a net positive charge. Therefore, conditions favoring random edge-to-face interactions (i.e. attraction) are met in the A samples, which have protonated edge sites (i.e. σ H > 0) and low Na : Mn ratios. By contrast, the low proton and high Na : Mn content in the B and C samples (30-35% Na : Mn) favor the formation of more compact aggregates. The surface charge and counter-cation content are also the primary drivers of particle size as measured by BET-SSA calculation. Typically, large surface areas reflect small particle sizes and vice versa, but BET-SSA calculation measures only the N 2 Ĳg)-accessible surface area. In addition, if aggregation creates microporosity that cannot be accessed by N 2 Ĳg), the BET method cannot distinguish between aggregate and crystallite size. 76 The C constant in the BET equation provides a measure of the interaction energy between sorbent and adsorbate, and high values such as those systematically computed for the samples under study (C > 200) can indicate the presence of microporosity in the samples. 76 Inspection of the CSD and BET-SSA values for the δ-MnO 2 samples shows that SSA measurements are not consistent with the crystallite size. First, all the as-synthesized samples showed particle sizes as measured by the SSA that were inversely proportional to the CSD size in the ab plane and the hydrodynamic radius ( Fig. 5A and Table 1 ). Second, the SSA measured on sample A2 decreased significantly following equilibration at pH 11 (190 ± 10 m 2 g −1 and 117 ± 6 m 2 g −1 for samples A2 and A2_OH, respectively; Table 1 ) without any associated increase in CSD size (Fig. 4B) . In other words, low SSA values were measured for samples with both small (sample C2) and large (A2_OH) crystallite sizes. Third, both the CSD size within the ab plane (Fig. 4C ) and the SSA increased significantly in sample C2 upon suspension acidification (119 ± 6 and 213 ± 11 m 2 g −1 , for samples C2 and C2_H, respectively; Table 1 ). To sum up, these results suggest that BET-SSA is not directly related to either the crystallite size or the hydrodynamic radius.
On the other hand, across all samples, the BET-SSA was inversely proportional to the Na content. This proportionality suggests that Na promotes the aggregation of primary crystallites and/or wet aggregates into low surface area structures (e.g., dense or closed structures) that are retained upon freeze-drying. However, this aggregation is reversible (i.e., agglomeration 77 ) as shown by the reversal of the BET-SSA of samples A2 and C2 upon equilibration at high and low pH, respectively (Table 1) . These results indicate that for δ-MnO 2 , the BET-SSA is a dynamic property that can be modified readily in response to changes in adsorbed proton or ion charge, presumably through their influence on the aggregate/agglomerate structure.
Implications for nanoparticle reactivity
The reactivity of birnessite with respect to metal and metalloid sorption 9, 14, 17 and organic compound oxidation 8 has been proposed to correlate with the BET-SSA. However, surface processes, including sorption, desorption, and dissolution, depend on particle size and particle aggregation, which may or may not be captured well by BET-SSA measurements. 21, [78] [79] [80] [81] [82] Evidently, precise definitions of particle size and careful characterization of the mineral structure are necessary. 79, 83, 84 In addition, mineral characterization must be done on samples prepared under conditions relevant to those used in reactivity studies. This point is highlighted by the results from this study on birnessite and others on ferrihydrite, 78, 85 which reveal the interconnectedness of solution chemistry, particle surface charge and structural properties (e.g., crystallite size, BET-SSA, and aggregate or agglomerate structure). Finally, the formation of open versus closed structures upon nanoparticle aggregation or agglomeration has important implications for ion sorption by nanoscale oxides and merits further investigation. For example, one study showed that Fe oxide aggregates retained copper more strongly than dispersed nanoparticles, 86 even though the adsorption capacity of aggregates was lower than that of dispersed nanoparticles. 34 
Conclusions
This work elucidated the underlying mechanisms that give rise to a range of chemical compositions and structures of δ-MnO 2 nanoparticles prepared by a "redox" method. In addition, to the extent of our knowledge, this is the first study that investigates the difference between the hydrodynamic particle size, the crystallite size and the dry specific surface area in layer-type Mn oxides. A schematic summarizing the conditions that govern crystallite growth as well as crystallite aggregation and/or agglomeration in δ-MnO 2 suspensions is presented in Fig. 6 . Briefly, changes in the suspension pH and particle counter-ion content drive irreversible changes in the crystallite size but lead to reversible changes in physical properties such as SSA. The agglomeration of primary crystallites with Na + adsorbed at the particle edges into low SSA particles may lower the accessibility of aqueous species to these surface sites and thus lower the overall reactivity of the particles with respect to contaminant sorption or oxidation. Future studies to decouple the effects of nanoparticle aggregation or agglomeration, which may lower the reactivity of edge surface sites, and of solution pH, which enhances the adsorption of cations but diminishes the adsorption of oxyanions, are needed to elucidate the controls on solute-accessible surface area. 12, 14, 69 Cryo-TEM or HR-TEM techniques, which have been applied successfully to investigate the oriented aggregation of Fe oxide nanoparticles, 85, 87, 88 may provide valuable mechanistic information on the dynamics of δ-MnO 2 nanoparticle aggregation and agglomeration. Furthermore, variations in the vacancy content of the different δ-MnO 2 batches could be probed by collecting and modelling EXAFS data from trace metal-sorbed δ-MnO 2 in order to determine the local coordination environment of the sorbate. 14 
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